Both ventricular size and pressure have been considered as possible determinants of myocardial oxygen consumption (Vo 2 ) m studies of cardiac energetics in isolated dogheart preparations. 1 ' 2 In other work, however, only pressure has been examined for its relationship to ventricular energy requirements. Sarnoff and co-workers advanced the tension-time index (area beneath the systolic pressure curve) as a correlate of myocardial Vo,,, 3 and the cardiac effort index (product of mean aortic pressure and heart rate) was proposed by Katz et al. for the prediction of o.,-4 "' The importance of these indices has been confirmed for the intact dog heart. 0 Despite the interest in ventricular size and its bearing on ventricular wall tension,* the role of ventricular volume as a specific variable influencing the magnitude of myocardial V Or , has not been investigated in the intact functioning heart. For this reason the present study of the effect of increasing ventricular volume upon myocardial energy requirements was proposed, and the measurable compo-Tension is a general term, used here to represent both tensile stress and tensile force (see Appendix).
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Methods
Twenty-five mongrel dogs weighing between 17 and 29 kg were anesthetized with morphine sulfate (6 to 7 mg/kg IM) followed by 30 to 50 ml of a chloralose (1.656) and methane (16%) mixture given iv. The dogs were intubated with a cuffed endotracheal tube and respiration was maintained by a Harvard pump. Central arterial pressure was measured through a no. 7F catheter advanced from a femoral artery to the arch of the aorta, while left ventricular pressure was recorded with a no. 6 catheter (60 cm length, multiple side holes), passed retrograde from a carotid artery across the aortic valve. These catheters were connected directly to Statham P23Db transducers, and phasic pressure recordings were obtained on a Sanborn 150 direct-writer at 100 mm/sec. Electrical integration yielded mean pressures. From the external jugular veins one catheter was introduced well within the coronary sinus for sampling and another into the right atrium for pressures. The second carotid artery was used to position a no. 4F catheter tipped with a bead thermistor immediately above the aortic valve. The thermistor was connected across a Wheatstone bridge to record thermodilution curves. Arterial blood sampling for subsequent analyses and dye dilution curves was performed through a cannula in the second femoral artery. The electrocardiogram was monitored continuously.
Cardiac output was computed from one or two indicator dilution curves following injection of indocyanine green dye into the inferior vena cava or right atrium, with sampling through a Gilford cuvette densitometer. In a number of experiments, during any given study period, four to eight aortic thermodilution curves were recorded following injection of 4 ml cold isotonic saline into the left ventricle. Left ventricular volume was estimated from these data as previously described. 7 Coronary blood flow was measured by the nitrous oxide method 8 in the first nine experiments and by the I" 1 iodo-antipyrine method 9 in the remaining experiments. The oxy-500 ROLETT, YURCHAK, HOOD, GORLIN gen content of whole blood, sampled in duplicate from the coronary sinus and femoral artery during each coronary flow, was determined manometrically; 10 and the same samples were analyzed for lactate and pyruvate concentrations. 11 
OUTLINE OF EXPERIMENTS
Twelve of the experiments involved animals with intact thoracic cages, and similar studies were done on a series of thirteen dogs subjected to thoracotomy. In the first six experiments on intact animals, preserved citrated whole blood (not crossmatched) from donor dogs was used. In the remaining studies heparin was used as the anticoagulant. Blood was obtained from the donor dogs on the average two days before use and was then filtered and wanned to 37°C before infusion.
Following control measurements in the closedchest group, whole blood infusions from the reservoir were started through the femoral vein. Total infusions ranged from 1 to 4 liters and were administered at steady rates between 8 and 33 ml/min, over a 1.5-to 4.5-hour interval. During infusion progressive increases in left ventricular systolic and diastolic pressures were noted, and at various intervals-usually two or three per study as determined by the increase in left ventricular end diastolic pressure-all measurements were repeated.
In the second group of animals the chest was opened in the left fifth intercostal space prior to the control measurements. In eight of these, blood infusions were given in the same manner as in the closed-chest group; in the other five a small pericardial incision was made and a cannula was sutured into the left atrial appendage. The pericardium was then closed, and all initial measurements were done with an intact pericardium. Coronary blood flow (CF) was determined only by the antipyrine method in the open-chest group. For the entire open-chest group total infusions ranged from 2.5 to 5.0 liters at rates between 23 and 75 ml/min, over a 1-to 2.5-hour interval. In the five animals receiving direct left atrial infusions, rapid administration of blood was possible and increased left ventricular pressures rapidly so that measurements were obtained at shorter intervals than in those animals receiving femoral venous infusions. The usual procedure was to repeat measurements after induction of hypervolemia, then rapidly to excise the pericardium free of the left ventricle, followed within five minutes by a repetition of measurements. In several experiments phlebotomy was attempted after induction of hypervolemia in order to reproduce the initial conditions. However, because of an inability to achieve a steady state all such attempts except one ( fig. 5 ) were unsuccessful.
In three animal preparations chosen at random no aortic regurgitation was detected by dye dilution technics, and in two others no mitral regurgitation was demonstrated by cinecardiography during hypervolemia.
One animal with an intact thoracic cage served as a normovolemic control, all measurements being repeated three times in a 2/2-hour period. The same protocol that was followed in the closed-chest hypervolemic series was employed in an additional dog pretreated with reserpine and subjected to bilateral adrenalectomy at the start of the study. The effectiveness of catecholamine depletion in this animal was proven with tyramine challenge, and hydrocortisone was infused slowly throughout the procedure.
Serum potassium and calcium concentrations, measured in two of the animals receiving citrated blood and in four of the animals receiving heparinized blood, showed on the average a 0.9 mEq/liter rise in potassium and a 0.3 mEq/liter fall in calcium over the entire period of blood infusion. Electrocardiographic evidence of hyperkalemia or hypocalcemia was not recognized in any. Although some degree of hemolysis was produced in virtually all experiments, the low potassium content of canine erythrocytes 12 caused only small changes in the serum concentration of this electrolyte. Recording of arterial blood pH during the various stages of six experiments revealed an average drop of 0.06 unit from the start. Measured rises in hematocrit during the studies averaged 4.6%.
At the end of each study the animal was sacrificed; the position of the catheter in the coronary sinus was confirmed; and the heart was examined grossly for evidence of trauma, valve deformities, coronary artery disease, or myocardial lesions. Except for spotty ecchymoses within the coronary sinus and involving the left ventricular endocardium, no abnormalities were found. Left ventricular weights were recorded.
ANALYSIS OF DATA
Only data obtained during steady state conditions were used for analysis. These conditions included unchanged heart rate and left ventricular pressure during the period of measurement, and agreement of the duplicate oxygen determinations within 0.3 vol per 100 ml. In addition, the acceptability of coronary blood flow determinations was based upon the presence of a logarithmic decline of the arterial-venous differences of indicator concentration over the four minutes (using N 2 O) or the two minutes (using antipyrine) of the measurement. For an estimate of ventricular volume to be acceptable a sufficient number of thermodilution curves manifesting a reproducible stepwise logarithmic return of temperature was required. 7 Ar-LEFT VENTRICULAR OXYGEN CONSUMPTION 501 terial desaturation occurred in several openchest experiments in association with pulmonary edema, and in one experiment there was evidence of cardiac anaerobiosis by lactate-pyruvate measurements. 13 These data were also excluded from analysis. The resulting yield was 22 complete sets of observations and 47 additional sets in which only the left ventricular volume measurement was not obtained. The entire sample of 69 measurements is termed Group 1, and the subseries of 22 determinations is called Group 2. These data were analyzed on a Univac 1105 digital computer using a multiple regression analysis program.
CALCULATIONS
(1) Left ventricular oxygen consumption (V 09 ) in ml per 100 g myocardium per minute was estimated as the product of the coronary arterialvenous oxygen content difference and coronary blood flow:
V 02 =(A-V)O 2 -CF The oxygen consumption per stroke (ml per 100 g per beat) was obtained from V 0o -=-HR, where HR = heart rate.
(2) Left ventricular pressure-time per beat (PTB) in mm Hg • sec was taken as the product of mean left ventricular pressure during systole where SV = stroke volume obtained from indocyanine green dilution curves, and K = average ratio of temperature difference from base line of aortic blood on successive beats calculated from multiple thermodilution curves. End systolic volume (ESV) =EDV-SV. (7) The products of the variables EDV 213 or ESV' 21 * and PTM yielded approximations of ventricular tensile force, and those of EDV or ESV and PTM were used to represent tensile stress (Appendix).
(8) Mean circumferential shortening distance (CSD) and shortening rate (CSR) were obtained as:^( r ed -r es ) and 2*(r ei -r es )/sep, respectively, where r ed is the end diastolic radius and r ea the end systolic radius. 14 (9) The calculation of coronary vascular resistance (CVR) has been previously described, 15 as has the calculation of myocardial excess lactate. 13 
Results
In the various multiple linear regression equations that were analyzed, the open or closed state of the chest was included as an independent variable. This proved to be a variable of no statistical significance, leading to the acceptance of the hypothesis that no significant relationship between the state of the chest and myocardial Vo 2 existed. It was concluded that thoracotomy per se did not influence myocardial Vo 2 , and data from both types of preparations were therefore pooled in the statistical analysis.
Prior to volume loading, the average left ventricular EDV and ESV, based on eleven experiments, and the corresponding standard errors were 33 ± 5 ml and 21 ± 3 ml respectively. These values are smaller than the average figures reported by Bristow et al. 10 using the thermodilution method in anesthetized closed-chest dogs.* With continuous blood infusion progressive increases in the mean values of ventricular volume, pressure, and output occurred ( fig. 1 ). The induced changes in ventricular volume tended to be •The smaller volumes in the present study may have been a consequence of thoracotomy which had been performed in eight of the eleven animals in which volume measurements were obtained. This would be consistent with the findings of Rushmer. 17 Progressive hemodynamic changes during hypervolemia induced by transfusion. Early hypervolemia was defined arbitrarily as a total infusion of 1.8 liters blood or less, late hypervolemia as greater than 1.8 liters.
related more closely to the quantity of blood infused than to the intact or open condition of the thorax. Left ventricular cinecardiography in two experiments confirmed the increase in ventricular volume and demonstrated a change in shape of the chamber with induction of hypervolemia ( fig. 2 ). From the control state to late hypervolemia the average values for CSD rose from 1.3±0.2 cm/beat to 2.8±0.2 cm/beat and for CSR rose from 8.3 ±0.7 cm/sec to 12.0 ± 0.8 cm/sec. Figure 3 illustrates alterations in coronary flow, myocardial oxygen extraction and consumption, and coronary vascular resistance. The significant increase in Vo 2 occurring between the control and early hypervolemic states was a function of raised coronary flow and unchanged oxygen extraction. The decrease of calculated CVR indicates coronary vasodilatation. The late changes in coronary flow and V 0o with added blood infusion were less conspicuous.
The average myocardial excess lactate during the normovolemic state from pooled data was -1.01 ±0.31 mM/liter and during the hypervolemic states was -0.32 ± 0.18 HIM/ liter. This would suggest that net anaerobiosis did not occur under the conditions of these measurements.
Within the group of hypervolemic openchest animals, nine sets of data were obtained before and after pericardiotomy. In addition, in four experiments coronary venous oxygen samples were obtained immediately upon completion of pericardiotomy, as well as five minutes afterward. The immediate postpericardiotomy samples demonstrated a reduction of oxygen content averaging 1.4 vol per 100 ml. This reduction was transient with return to prepericardiotomy levels five minutes later. A t-test revealed no net change in V o , between the prepericardiotomy and the five minute postpericardiotomy measurements. Similarly, pericardiotomy did not pro-
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FIGURE 2
Left ventricular cinecardiography during control state (left-hand panels) and following blood infusion (right-hand paneb) in the same animal. Volumes increased while the triangular chamber outline became rounder. duce significant changes in the variables HR, PTB, PTM, EDV, and ESV.
SIGNIFICANCE OF LEFT VENTRICULAR PRESSURE IN THE PREDICTION OF #o.
In confirmation of previous work which established a simple linear correlation between the ventricular pressure-time integral and Vo 2 » 3 ' 6 a strong relationship between these variables was found ( fig. 4 ). Left ventricular Psm and PTB also displayed a high degree of correlation with Vo 2 -Mean values and correlation coefficients for data pooled from both control and hypervolemic states are summarized in table 1.
The selection of a ventricular pressuretime integral that comprised only the ejection Circulation Research, Vol. XVII, December 1965 phase of left ventricular systole was somewhat arbitrary. However, it was judged that this index would serve to illustrate the relationship between pressure-time in general and Vo,,-Support of this assumption is based on a high degree of linear correlation of this index with the area under the entire systolic portion of the ventricular pressure curve (r = 0.97 for 18 observations) and with the area under both systolic and diastolic portions of the curve (r = 0.96 for 29 observations). The areas under the isovolumic and ejection portions of the ventricular pressure tracing tended to increase proportionally during volume loading. Effects of hypewolemia on coronary circulation and myocardial oxygen consumption. Initial increases in coronary flow, oxygen consumption, and external efficiency were significant (P < 0.001), whereas later changes were not. Comparison of left ventricular pressure-time integral and oxygen consumption. Closed circles are points in common with figure 6. The least squares regression line is drawn. A number of linear regression models were proposed for predicting V 0o or log V 02 fr°m the 69 sets of data obtained. The independent variables considered included HR, PTB, PTM, SV, CO, SER, and W Ly . Of these, only the regression coefficients for PTB and PTM were found to be significant at the 0.05 level, and the models using the basic untransformed data seemed to be slightly better predictors than were the models employing the logarithms. Four of these models are presented in table 2. Use of the usual technics for analysis of variance showed that model B, with independent variables HR, PTB, and PTM, was a better predictor of V 0o than model A with PTM alone. This type of analysis also permitted comparing the individual contributions of HR and PTB to the overall regression. Model B shows that PTB was apparently more significant than HR in its effects on V 02 , an< i PTM was more important than either of its components.
SIGNIFICANCE OF VENTRICULAR VOLUME AND TENSION IN THE PREDICTION OF Vo,
The possible importance of the second major component of ventricular wall tension, the geometric or size factor, in the determination of Voo could be assessed from the 22 sets of data comprising volume as well as pressure measurements. The regression models in table 2 which had been derived from the entire body of data were re-examined with the addition of the variables EDV, EDV 213 , ESV, and ESV 213 . The incorporation of the volumes EDV and ESV and of the roots EDV 213 and ESV 213 in the regression models (table 3) introduced the geometric factors involved in an approximation of wall stress and force (Appendix).
Model A, a regression of just PTM on V On but limited to the smaller group (table 3) , was found to be a better predictor than was the same model analyzed for the larger group (table 2). The best predictors of V 02 examined, however, proved to be models E to I which included ESV (volume) or ESV 2 ' 3 (surface area) among the independent variables (table 3) . These models had the smallest mean square errors as well as the smallest standard errors of estimate of V Or Statistical tests revealed that the regression coefficients for ESV and ESV 213 were significantly different from zero. The terms EDV and EDV 2IS were less significant in the overall regression and were excluded from the models because they did not further improve the prediction of V 02 .
Model G afforded a means for directly comparing ventricular pressure-time and volume as possible determinants of V 0o . The regression coefficient of PTM was far more significant than the coefficient of ESV. The same was true when ESV 2/S was compared with PTM. Nevertheless, with a significance level of P < 0.025, ESV was judged to be an important variable in the prediction of Vo v The simplicity of model G with only two independent variables commends it over the more complex models for the rapid estimation of V Or
In models H and I the products ESV • PTM and ESV 2/3 • PTM were examined as approximations of ventricular wall stress and force (Appendix). These models achieved an overall level of significance which was slightly greater than that of model A. The values of the t-statistics associated with ESV • PTM and ESV 213 • PTM slightly exceeded the one associated with PTM. In figure 6 the products ESV'PTM and ESV 2 ' 3 'PTM are plotted against the measured Vo r For purposes of illustration only, the integral of left ventricular wall force with respect to time was estimated and compared with the pressure-time integral ( fig. 5 ). None of the graphs of ventricular volume, pressure, or force strictly parallels the changes in V Oo during hypervolemia.
SIGNIFICANCE OF LEFT VENTRICULAR OUTPUT, CIRCUMFERENTIAL SHORTENING, AND WORK IN THE PREDICTION OF *o2
Model C (table 2) permitted an evaluation of the possible importance of SV and CO in myocardial V 0o . Despite the addition of these variables, the prediction of V Oi was not improved. A statistical test revealed that the regression coefficients for SV and CO were not significantly different from zero, with the re- sultant implication that neither SV nor CO was an important factor in determining energy expenditure in these experiments. In other models CSD and CSR were each compared with PTM as possible correlates of V o .,. Neither of these variables was found to be significant in this regard. The same conclusion was reached for W LV (0.1<P<0.25) in model D (table 2) .
A. Relation between the variables ESV-PTM (dimensions: dynes'sec/em'/min) and ^0 { . B. Relation between the variables ESV 2 /-'-PTAf (dimensions dynes'sec/min) and V o . ESV'PTM and ESVS/'-PTM are approximations of the time integral of left ventricular wall stress and force respectively. These different treatments of the same data yield a change in spatial relationships among points and different regression line intercepts.
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EXTERNAL CARDIAC EFFICIENCY
The average efficiency value calculated for the control state was 13.1 ± 1.5% ( fig. 3 ). During early hypervolemia cardiac efficiency rose significantly (P<0.001) to 21.0±1.9%, thereafter remaining unchanged at 21.0 ± 1.3% during late hypervolemia despite further infusion, Circulation Research, Vol. XVII, December 1965 or at 22.2 ± 3.1% immediately following pericardiotomy.
In table 4 correlation coefficients between external cardiac efficiency and several measures of left ventricular output and pressure are listed. It is apparent that there is a high degree of linear correlation between efficiency and cardiac output, stroke volume, the mean rate of cardiac output (SER), and end diastolic volume. The correlation between efficiency and pressure is comparatively poor.
CATECHOLAMINE DEPLETION AND ENERGY BALANCE
The one experiment performed on a closedchest catecholamine-depleted dog yielded values for the measured V o , 2 , during a control period and during three successive stages of 
Discussion
In recent years the discussion of interrelationships between ventricular hemodynamics and energetics has been dominated by considerations of ventricular pressure. This has been due, at least in part, to the greater ease and reliability with which pressures can be measured in contrast to other variables such as ventricular volume. Furthermore, the pressure-time integral has proven to be a reasonably good predictor of Vo 9 a~c ' as confirmed by regression model A (tables 2, 3). As a result the role of volume in ventricular energy requirements has been obscure.
Ventricular volume and pressure often change in the same direction in response to physiologic stimuli, and this was particularly true under the stress of a hypervolemic circulation. Therefore, since the design of these experiments resulted in pari passu alterations in ventricular volume and pressure, it also demanded that a multiple regression analysis be used to examine the relative significance of the several variables measured. A comparison of table 1 with tables 2 and 3 reveals that no coefficient of correlation between a single independent variable and \ 7 On exceeds the coefficients of correlation between multiple variables and Vo 2 -This indicates that a number of factors-among which we have identified the pressure-time integral, ventricular volume, wall force, and wall stress-influence the energy cost of ventricular contraction.
PRESSURE-TIME INTEGRAL, HEART RATE, AND OXYGEN CONSUMPTION
Regression model A (table 2) , V r 0 ,, = 2.9 +0.00288 PTM, is similar to that reported for the cardiac effort index in a partially isolated dog-heart preparation in which Vo 2 = 2.98 +0.00034 HR'BP. 5 The standard error of estimate of V^o, for model A, 0.34, compares favorably with "the value of 1.15 obtained by Feinberg and co-workers. 5 The duration of pressure generation, as well as its magnitude, appears to be a factor of importance in cardiac energy expenditure. The contributions of the components of PTM, namely, PTB and HR, were examined individually. As a simple correlate of oxygen consumption per beat, PTB was almost as significant as PTM (table 1) but, when included in regression models, PTB did not contribute as heavily as did PTM to the overall significance of the model (table 2) . This was due very probably to the choice of oxygen consumption per minute as the dependent variable in the regression models.
Heart rate as an independent variable proved to be of questionable importance as a correlate of V o ., (table 1) and made only a small contribution to regression models B and C (table 2) . However, since the regression coefficient of heart rate was different from zero at the 10& level, this indicates a trend toward an association of higher heart rates with greater values for Vo., independent of the magnitude of PTM. Such an association would suggest a cumulative effect of heart rate on energy consumption, perhaps mediated through an enhanced dissipation of energy as activation heat.*
VENTRICULAR WALL TENSION AND OXYGEN CONSUMPTION
Despite the belief that tension is an important determinant of the energy requirement of skeletal and cardiac muscle, evidence supporting this hypothesis has been unavailable for the intact heart. For this reason the present experimental results are important in that, for the first time, a direct correlation between ventricular size and oxygen consumption which is independent of ventricular pressure has been shown to exist. The inclusion of geometric terms in the regression models (models E to I) resulted in a closer prediction of the ventricular oxygen requirements than did pressure or pressure-* Activation heat is the heat produced by a muscle contracting isometrically and thereby performing no external work. In skeletal muscle the rate of liberation of activation heat is greater at the start of contraction and then declines to a steady rate as contraction is maintained. 18 With all other variables fixed, thu amount of activation heat svill tend to vary directly with the frequency of contraction.
Circulation Reiearcb, Vol. XVII, December 1965 time alone, implying that an increase in V 0o will accompany an increase in ventricular size.
Among the various regression models examined, PTM and ESV or ESV 2 ' 3 were individually the most important variables in the estimation of V 0o , and of these PTM achieved the higher level of statistical significance. ESV and ESV 2 ' 3 were of nearly equal significance in these models whether they were examined individually, as in models E to G, or considered after interaction with PTM, as in models H and I. Insofar as ESV'PTM and ESV-^-PTM are representations of ventricular wall stress and force, models H and I suggest that oxygen consumption follows changes of these fundamental factors more closely than changes of ventricular volume alone. It is clear from examination of table 3, however, that model A is almost as accurate a predictor of V 0o as are models G, H, and I. Thus, the contribution of the volume term is relatively small in comparison to that of the pressure term. From these observations several alternate conclusions might be drawn: (a) changes in ventricular wall tension are reflected largely by changes in ventricular pressure and less so by changes in volume; (b) ventricular pressure rather than wall tension is a major determinant of V 0o ; or (c) models H and I are inaccurate estimators of wall tension. The data available do not permit resolution of this question.
A shortcoming in any analysis of the influence of ventricular geometry on energy requirements is the assumption of a specific shape for the chamber. For this reason volume itself was analyzed as an independent variable in the present study. The variable, volume 2 ' 3 , does, however, introduce the assumption of a spherical shape (Appendix). Whereas this assumption might be reasonably accurate during hypervolemia, the normovolumic ventricle does not approximate a sphere ( fig. 2 ). An estimation of ventricular wall force from volume 2 ' 3 will probably underestimate-but by no more than I OSS-the total force if the chamber is more like an ellipsoid than a sphere. 14 Therefore, the change in wall force with increasing ventricular volume and V Oa in the present study is probably not as great as that suggested by figure 6B . In addition, changes in ventricular shape as a result of hypervolemia may introduce another obstacle to an accurate stress-force analysis. An alteration in shape may conceivably change the relative importance of wall forces so that the proportion of tensile forces to total contractile forces (also comprising frictional, shearing, and compressive elements) may vary.
It is probable that ESV and ESV-' n were more significant in the regression analysis than were EDV and EDV 2/:i because end systolic volume was more representative of the temporal mean of ventricular volume than was end diastolic volume.*
The observation that PTM is not the only statistically significant independent variable in the prediction of Vo., indicates that the true relationship between PTM and V 02 was not strictly linear. Whereas it is possible for the ratio APTMI&VoJ to be relatively constant over a range of pressure, it follows from the regression models that this ratio will vary with changes in heart rate, with changes in ventricular volume, and possibly with changes in ventricular shape. Since these other variables apparently influence Vo*, the recent trend toward equating V' oo with PTM in discussions of cardiac energetics may well be in error.
ENERGY EXPENDITURE IN RELATION TO MYOCARDIAL SHORTENING AND WORK
In contrast to chamber size and pressure, left ventricular shortening as manifested by stroke volume, output per minute, and mean rate of ejection did not correlate as closely with Voo (table 1) and when included in the *Peak velocity of left ventricular ejection normally occurs in early systole. 10 i&PTM/±\? Ort represents the slope b in a linear equation of the form y = a + bx (where x-?TM and y = v" 0 ) and is a constant only if there is a single independent variable. PTM/V 0o itself is a constant only if the (/-intercept a, thought by some to represent basal V" Ot)> is zero. regression equations did not improve the ability to predict V o ., in our studies. This was not surprising since related observations have been made by others for the canine heart. 13 " 3 Analogous to results obtained from in vitro studies of cardiac muscle, 20 external left ventricular work has appeared not to exert an independent influence on oxygen utilization in this (model D) and other 13 studies employing the beating canine heart. Furthermore, our studies indicate also that the circumferential linear shortening distance and shortening rate of the intact canine heart, within the ranges examined, did not influence the total energy expenditure. The same conclusion is suggested by recent work of Britman and Levine for the distance shortened by the contractile element (CE). 21 Although alterations in fiber and CE shortening kinetics covered a fairly wide range in both studies, one cannot exclude major changes in shortening kinetics from a possible role in cardiac energetics. This has been suggested recently by other work from this laboratory.--These observations contrast with those made in preparations of isolated skeletal muscle in which energy expenditures related to the work performed 23 and to the distance shortened 2 * have been demonstrated. The possibility that a shift to anaerobic energy sources accounted for our inability to demonstrate a correlation between energy utilization as Vo 2 and external work or shortening was considered. This was thought unlikely, however, because no net anaerobiosis was detected in the individual experiments of the present study.
Recently CE work was proposed as a major determinant of Von in the beating heart. 21 In the heart a proportionality between CE work and external work may not exist: some of the energy of contraction of the CE may be dissipated in the stretching of the series elastic components and some as inertial and frictional losses. Thus it is of great interest that a higher degree of correlation was found between CE work and Vo., than between external ventricular work and Vo,. 21 The same authors offered the "contractile element work index" as a close correlate (r = 0.995) of CE work.* We cannot, however, confirm their findings since, for our data, the correlation of this index with Vo 2 (r = 0.70) was no different from the W LV vs. V 0 . 2 correlation and was poorer than the PTM vs. V 0 . 2 correlation.
RELATIONSHIPS BETWEEN EXTERNAL CARDIAC EFFICIENCY AND HYPERVOLEMIA
Despite the omission of kinetic energy, the values for external efficiency in this study approach optimal levels. The rise in external efficiency with hypervolemia may be entirely attributable to a basal oxygen requirement which became a smaller fraction of the total oxygen requirement as the latter increased. If, indeed, factors other than external cardiac work play a more fundamental role in the regulation of the metabolic rate of the left ventricle, then the rise in external efficiency is not of basic significance.
If a more fundamental determinant of myocardial V o ., exists as suggested by the present study and the work of others, 3 ' 21 then an estimate of "internal efficiency" would be more meaningful than the commonly used external efficiency calculation. For example, with an increased ventricular volume a larger stroke output could result from an unchanged contractile effort: the external effort will have increased, augmenting the apparent mechanical efficiency, whereas the internal effort will have remained unchanged. Data to support this example have not been obtained apart from the positive correlation between efficiency and ventricular volume (table 4).
INFLUENCE OF OTHER FACTORS ON OXYGEN CONSUMPTION
Catecholamines are known to affect cardiac mechanics. The pericardium appears to play little role in cardiac energetics under the conditions of these experiments. Release of the pericardium did not produce a change in ventricular volume, suggesting that the acutely overloaded myocardium is no more compliant than the pericardium. The results also indicate that for the purpose of these studies intraventricular pressure can be equated effectively to transmural ventricular pressure with an intact pericardium.
The interpretation of results obtained in the present study is restricted by the experimental conditions employed. Based upon ventricular function curves, it may be stated that the metabolic changes do not represent a manifestation of myocardial failure. It must be emphasized that the b 0 coefficient in the regression equations cannot be labelled as the basal oxygen consumption even though it is tempting to do so. This is because the linear nature of the relationship among variables in the regression models does not necessarily hold true outside the region of experimental observations. The fallacy of such an extrapolation is seen in the wide variation among the y-intercepts of the various regression models. It is also recognized that limitation of the statistical analyses to data acceptable by the standards listed improves the correlations obtained. Such a limitation, however, is proper since data were discarded at random and only on the basis of previously established criteria. The conclusions from these studies are not necessarily applicable to the unanesthetized dog, and may be altered under other circumstances where ventricular pressure and volume are changed independently of one another. Nevertheless, within these restrictions it appears reasonable to conclude that these results establish a relationship between ventricular volume and the quantity of chemical energy required for contraction. This relationship in turn suggests that ventricular wall stress or force is among the factors which govern myocardial energy utilization.
Much work remains to be done before analogies between the Fenn-Hill formulation for skeletal muscle and myocardial energetics can be accepted or rejected. The characterization 23 of the pressure-time or tension-time integral as an entity analogous to the heat of activation of skeletal muscle remains to be substantiated. Similarly, the role of contractile element work and tensile force-stress factors in the determination of myocardial energy requirements requires additional elaboration.
Summary
Volume changes in the intact functioning canine left ventricle were induced by whole blood infusion and were measured by the thermodilution technic. Multiple regression analyses were performed to detect significant correlations between hemodynamic variables and left ventricular oxygen consumption. Hemodynamic variables, in addition to the pressure-time integral, ventricular volume, and ventricular work, included estimates of myocardial stress, force, and shortening. The most significant individual correlates of oxygen consumption were the pressure-time integral (r = 0.91) and ventricular end systolic volume (r = 0.81), whereas the interaction of volume with pressure-time, thus approximating wall stress and force, was the most significant variable overall (r = 0.93). A number of multiple linear regression models were tested for the prediction of ventricular oxygen consumption. The equation (model E) with the greatest multiple regression coefficient (R = 0.947) included heart rate, pressure-time per beat, pressure-time per minute, end systolic volume, and (end systolic volume) 2 ' 3 as independent variables. A less elaborate regression equation including only pressure-time per minute and end systolic volume as independent variables was, however, nearly as accurate as model E in the prediction of oxygen consumption. The addition of estimates of left ventricular work and shortening to these regression models did not further improve the ability to predict oxygen consumption accurately.
The relationships between these hemodynamic variables and ventricular oxygen consumption were not altered by pericardiotomy or catecholamine depletion. In the hypervolumic heart acute ventricular dilatation did not occur following pericardiotomy.
The results of this study confirm the postulate that an increase in ventricular volume, as well as pressure, will be accompanied by an increase in ventricular oxygen consumption. This in turn implies a relationship between the wall stress or force generated by the myocardium and the energy requirement of contraction.
B. Tensile stress is defined as the tensile force per unit cross-sectional wall area, and for a thin-walled sphere may be represented as:
PT tensile stress =--,
(5)
where t -thickness of the wall.
Let V m , the total volume of heart muscle, be considered a constant and let it be represented by:
(6)
Then, substituting (6) in (5), tensile stress = F 'f 1 (7) Let V , the volume of the chamber, be represented by:
V c = 4/3^3 (8)
Then, substituting (8) in (7),
tensile stress • dt
where t x and t n have the same meaning as above.
The use of the thin-wall formula for calculation of wall stress in a thick-wailed structure, as the ventricle actually is, introduces an error. Measurements of left ventricular weight and free wall thickness were obtained at postmortem examination in three animals from this series. The average internal ventricular radius, assuming a spherical shape, was estimated from control thermodilution volumes to be 1.9 cm and the measurements of wall thickness averaged 1.4 cm during the nondistended state. With the assumption of a constant ventricular mass during an increase in ventricular volume, and with average values for hypervolemic thermodilution volumes, representative values of 2.6 cm and 0.8 cm for the new radius and wall thickness, respectively, were calculated to have been achieved during hypervolemia. From a table of errors in calculated wall stress values, 20 the error introduced by the use of the thin-wall formula may be estimated. For the above dimensions, the use of the formula introduces an underestimation of wall stress in the normovolumic ventricle of roughly 20% and in the hypervolumic ventricle of approximately 5%.
